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Abstract 
The joint research project CLEAN is a German research and development (R&D) alliance of 16 partners from science and 
industry. The main theme of this pilot project is to enhance gas recovery (EGR) by injection of CO2 into an almost depleted 
natural gas field. The research focus is on the assessment of all processes associated with the injection. At the same time the CO2 
long-term storage security of Europe’s second largest onshore gas field is analysed and evaluated. 
© 2010 Elsevier Ltd. All rights reserved 
Keywords: enhanced gas recovery, EGR, Altmark, gas field, CO2 storage 
1. Introduction 
CLEAN is a German research and development (R&D) alliance of 16 partners from science and industry that 
conducts research on Enhanced Gas Recovery (EGR) to be performed in Europe’s second largest onshore gas field. 
The gas field is located in the Altmark (Germany) and is owned by GDF SUEZ E&P Deutschland GmbH. The EGR 
activities are planned for the Altensalzwedel sub-field, having the size of 14 km2 (Fig. 1). The CO2 to be injected as 
a pilot approach for the Altmark area is <100,000 tonnes. The Altensalzwedel sub-field is a structurally and 
hydraulically closed block, bound by faults. Subsurface data are available from 12 existing wells drilled into the 
Rotliegend reservoir, which is at > 3400 m depth. About 30 wells from an about 30 km2 area, surrounding the 
Altensalzwedel block, provide additional data for the generation of an integrated earth model addressing safety 
aspects of the EGR process.  
 
The Upper Rotliegend reservoir is made of fluviatile siltstones and sandstones. The reservoir is overlain by the 
several hundred-meters-thick Zechstein caprock consisting to a large extent of evaporites, acting as a proper seal.  
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The Altensalzwedel reservoir, at present, has an in-situ temperature of about 125 °C. Due to several decades of gas 
production, depleting up to 90 % of the original volume of methane in the reservoir, the reservoir pressure has 
dropped from initially 425 bar to 30  50 bar. 
Fig. 1. Study area in the Federal State of Saxony-Anhalt (Germany) 
2. Components of the Project 
The project focuses on an assessment of literally all processes associated with the CO2 injection and the carbon 
dioxide-methane migration and mingling, thus encompassing technical aspects as well as aspects of pure science. In 
detail, the project is divided into five thematic networks, each consisting of different work packages (Fig. 2).  
 
The overall goals of the project are to (1) control existing wells, (2) advance the monitoring techniques, and (3) 
improve the process modelling as a solid basis for risk assessment. Based on these overall goals, the project involves 
in an integrated fashion major disciplines of Earth Sciences and employs state-of-the-art methods and techniques. 
New laboratory approaches and numerical methods will be developed especially targeted on the conditions of CO2 
injection in the Altmark region. Therewith, fundamental scientific, ecological and economical questions are 
addressed and will be answered in the sensitive field of bringing CO2 underground: 
 Which technology is the most efficient and safest to inject / store CO2 in the reservoir at the lowest costs? 
 How can the safety of wells be assured, especially in the situation of having 30-year-old wells? How will 
these wells be abandoned? Is the Altmark field, with hundred of wells suitable for a long-term safe storage 
of CO2?  
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 Which processes occur in the underground, especially in the reservoir and caprock? Which parameters 
allow a most economic EGR process and recovery rate? 
 Which are appropriate injection regimes without putting at risk the environment nor the residents?  
 How can possible risks be assessed, modelled and remedied? 
 What are appropriate monitoring techniques for the CO2? 
 How is the public information to be organized in order to improve public perception of this technology and 
avoid conflicts? 
Fig. 2. Framework of the CLEAN project.  
 
CLEAN started in summer 2008 and will be finished in summer 2011. Due to a pending CCS law for Germany, 
parts of the project are on hold causing the delay of the start of CO2 injection (cp. Fig. 2). Consequently, parts of the 
monitoring programme cannot be performed in the original time frame. It is envisioned to conduct the EGR 
experiment as part of a succeeding CLEAN project, if the preconditions in terms of regulations will be set.  
 
2.1. Research on Wellbore Integrity 
Each well drilled within the context of natural gas production interferes with the naturally gas-tight cover of the gas-
bearing rocks and therefore, is a potential risk possibly leading to a leakage of gas. For this reason the evaluation of 
the respective well integrity is a decisive criterion for suitability as well as safety. 
 
The evaluation of well integrity requires preferably up-to-date information on the condition of a well. The use of 
information acquired in the course of well construction is typically not sufficient in the case of old wells in highly 
depleted natural gas reservoirs. These gas wells, which are typically 30 and more years old, were designed for a 
production of natural gas and constructed based on the standard of the time. The measurement and evaluation 
techniques to determine well conditions after construction were consistent with the state of the art at this time. For 
the duration of their operation the wells were exposed to possible contact corrosions by the produced fluids. During 
this phase they were exposed to the typical load changes caused by changes in pressure and temperature. With 
increasing reservoir depletion they were subjected to decreasing gas pressures and loads caused by reservoir 
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compaction. Sustained casing pressures observed during the high pressure phase of gas production for some wells 
suggest integrity problems of some wells. Reports are also available on subsurface system collapses caused by 
plastically deforming formations, in particular for the salt sections in the Zechstein and Roet formations. 
 
To evaluate technical well integrity, numerous measuring techniques are available. Published experiences as to the 
suitability of these techniques suggest deficits to varying degrees when establishing well integrity in the sense of the 
EPA definition “no significant leaks” and “no significant fluid movements”. The measurement strategy developed is 
able to provide the information necessary for a description of current well conditions and the evaluation of current 
technical well integrity. 
 
The thick Zechstein salt beds which overlay the gas bearing rocks in the Altmark are of special importance because 
they may seal a well by natural processes due to their plastic behaviour (salt creep). The sealing concept is based on 
the approach of the deep (about 3000 m TVD) and several hundred meters thick rock salt formation of the Altmark 
forming an ideal geological barrier against the migration of CO2, required for the long post-operative duration, in so 
far that the original caprock integrity can be restored. For this purpose, geomechanical and hydraulic properties of 
the sealing elements in the overburden have to meet high requirements. In this research project, a scientific approach 
is investigated to discover the ideal state in which a crushed salt backfilling within the steel and cement-free section 
of the borehole can be transferred into a compatible, integer and impermeable sealing plug with similar properties to 
the surrounding cap rock salt. The deviatoric stress state around the milled wellbore leads to the creep induced 
convergence and therefore to the crushed salt compaction. Significant factors of this crushed salt compaction 
process are the high primary stresses, temperature and humidity conditions which are favourable for the in-situ 
condition and time-dependent compaction as well as the recrystallization process. 
 
For concept development, numerical simulations were performed in the run-up phase as well as to support the field 
test. The application of a constitutive model enables to investigate the effect of the creep process of the surrounding 
rock salt under consideration of the Excavation Damaged Zone (EDZ) and the subsequent self-healing on the 
crushed salt compaction. The creep rate was varied in upper and lower boundaries by using parameter assessment 
based on literature study and laboratory tests on rock salt cores from the Altmark. Additionally, the influence of the 
salt plug geometry as well as of an upper and lower cement bridge on the salt plug compaction were considered. The 
time-dependent evolution of the crushed salt density from initial state to align with geomechanical and hydraulic 
properties of rock salt is predicted. The verification of the sealing ability will be performed by adopting porosity 
permeability relationships. According to recent simulation results, a density alignment could be reached under the 
favourable conditions in the Altmark already within a period of max. 100 days. Subsequent to this process the 
recrystallisation in the salt plug and the EDZ is expected. Consequently, also a further permeability reduction and 
recovery of the original cap rock salt integrity in the milled section takes place. 
2.2.Research on Geo-processes 
CLEAN performs a comprehensive geoscientific characterization of the geological system (reservoir rock, fluid 
phase, caprock) and of the physico-chemical processes that operate during CO2 injection and migration. A 
geoscientific process analysis is envisioned that considers five cross-correlated scales: (1) laboratory-scale analysis 
and experiments for baseline characterization of rocks and for evaluation / quantification of fluid-rock alterations, 
(2) borehole-scale effects, (3) near-borehole effects, (4) effects at regional scale in reservoir and caprock 
(Altensalzwedel Block), and (5) the regional (gas-field) scale (Fig. 3).  
 
The CO2 will be injected into the clastic sedimentary rocks of the Rotliegend, which are sealed by Zechstein salt. 
When injected into the formation, the CO2 fills the pore space by partially displacing the intraformational fluids. In 
gas reservoirs, the displacement of in situ fluids by injected CO2 can result in most of the pore volume being 
available for CO2 storage. However, in the case of the Altmark field, different types of fluids (brine, nitrogen and 
methane) will be displaced by injected CO2. Thus, a complex system of fluid-rock interactions is expected. For 
example, the CO2 will dissolve in residual formation water and, in turn, the CO2-enriched water will react with the 
rock minerals. In-depth knowledge of various rock parameters (of reservoir and caprock) is a prerequisite for the 
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evaluation and quantification of the in situ fluid-rock interaction processes at short-term (with regard to the injection 
regime) and at long-term (with regard to a safe storage of the injected CO2). Numerical simulations and laboratory 
experiments are tools for the quantification of these processes. Interaction of laboratory and simulation approaches 
requires a strong collaboration of researchers as well as an excellent data and information management. 
Visualization tools assist in the analysis and verification of process data and models. For example, visualization is 
done in projection-based, high-end visualization environments. 
 
Fig. 3. Scales of geoscientific system analysis. 
Derived from these requirements, research on “geo-processes” involves studying rock parameters, the geo-
modelling and process simulation as well as data management system (DMS). Geological, mineralogical, 
petrophysical, hydraulic and hydrochemical parameters are analysed and provided for process simulation and 
modelling. An extensive laboratory programme is conducted focused on the experimental determination of CO2 
storage and flow parameters.  
 
The facies of the Rotliegend reservoir section is linked to flow properties of the different lithotypes. The role of the 
mineral surface / pore interface in fluid-rock reactions in the Rotliegend sandstones is analyzed and fluid-rock 
chemical and mineralogical reactions simulated. Laboratory experiments investigate the chemical alteration of pore 
water and mineral assemblage triggered by supercritical CO2 (Fig. 4). 
The baseline stress conditions in the Altmark field are assessed and coupled. Geomechanical and hydromechanical 
properties of reservoir rock and caprock are studied with regard to the rock mechanical response to pressure rise and 
temperature decrease during CO2 injection. 
 
These data sets are included in simulations / models and managed by a data management system (DMS) for process 
simulation, thus improving the dynamic reservoir simulations at regional scale.  
 
Although the study area consists, sensu stricto, of the Altensalzwedel block, part of the geo-modelling will produce 
an earth model of a larger area in order to evaluate the bulk gas field reservoir as a preparatory phase for future CO2 
storage.  
surface
borehole
cap rock
base rock
gas reservoir
near field
Regional model
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Fig. 4. Interaction between parameter analysis and CO2-fluid-rock alteration modelling.  
2.3. Environmental Monitoring 
The risk of a leakage of CO2 from the storage formation into the surrounding environment is extremely low at the 
Altmark site, since the Zechstein caprock has proven to be impermeable for natural gas for millions of years. 
However, the EU directive and the recent German draft of the carbon dioxide storage law require a monitoring for 
leakages and a continuous surveillance of the environment during and after CO2 injection. Currently there are no 
proven concepts how to perform such a monitoring. The joint project CLEAN aims at developing overall concepts 
and methods for an environmental monitoring at the Altmark site. 
 
Since there will be no CO2 injection at the site within the project lifetime due to lacking regulatory standards, 
projects to test and perform deep monitoring methods have been aborted or shortened. Nevertheless, monitoring 
techniques, methods and strategies will be collected from literature and compiled to create a recommended 
monitoring strategy for the specific site. On this basis, a general catalogue of monitoring techniques, which 
describes methods, applicability, detection limits, advantages, disadvantages and costs are developed. 
 
At the site, the two subjects of protection, i.e. near surface potable groundwater and soil, are investigated. New 
observation wells were installed into shallow aquifers and water samples were taken from new and existing wells. A 
detailed analysis of groundwater composition illustrates the current condition of aquifers at the site. Future changes 
of groundwater composition during a CO2 injection will be evaluated on basis of this baseline monitoring. It will 
support the decisions, whether observed changes of groundwater quality can be caused by CO2 intrusion or whether 
they are caused by natural processes and fluctuations. Geological site data is compiled to a geological structure 
model of the shallow aquifers. Based on the structure model scenarios are generated and numerically simulated to 
demonstrate the possible behaviour of CO2 leaking into shallow aquifers, and to illustrate potential changes of 
groundwater composition due to intrusion of gaseous CO2. Several near surface aquifers at the site are confined, and 
in the unlikely event of leaking CO2, the gas would accumulate under the overlying low permeable aquitard and 
cause a large interfacial area between gas and groundwater where CO2 will dissolve. The carbonic acid formed due 
to CO2 dissolution would acidify the groundwater and cause dissolution of minerals, most prominent calcite. The 
resulting typical groundwater compositions may be used to detect CO2 leakages.  
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In case of CO2 degassing from the groundwater, it would enter the soil and increase natural CO2 concentrations 
within the soil atmosphere. To allow for a distinction between CO2 concentration changes due to leakage and caused 
by natural fluctuations, natural CO2 concentrations in the soil are measured at permanent stations in a high temporal 
resolution, but also at several locations. The natural CO2 concentrations show a typical daily and annual fluctuation 
due to day / night cycle and seasons. Hence, ranges and fluctuations of natural concentrations in groundwater and 
soil gas exist, and typical reactions and changes due to CO2 leakage can be estimated using numerical models. 
Nevertheless, two major topics will remain unsolved:  
1. Only a limited number of data exist regarding the geochemical composition of shallow aquifer sediments. 
Therefore, reliable predictions regarding potential release of trace metals at the site in the unlikely case of 
CO2 intrusion are currently not possible. 
2. Like in all cases of CO2 injection, the area to be monitored is very large. Consequently, borehole-based 
measurements do not allow for spatially continuous monitoring, and the possibility for a detection of CO2 
intrusion is low. New methods to cover a large area will be required. 
 
3. Summary and aim of the project 
Focus of the joint research project is to develop technologies and methods useful for a CO2 based EGR within the 
Altmark. Furthermore, this work will be a major step forward to deepen our understanding about the behaviour of 
CO2 injected into a depleted gas field. The findings will support the definition of national and international 
standards, the development of best practise guidelines and will help to build up expertise for this new technology. 
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